Glucocorticoids are potent modulators of metabolic and behavioral function. Their role as mediators in the "stress response" is well known, but arguably their primary physiological function is in the regulation of cellular and organismal metabolism. Disruption of normal glucocorticoid function is linked to metabolic disease, such as Cushing syndrome. Glucocorticoids are also elevated in many forms of obesity, suggesting that there are bidirectional effects of these potent hormones on metabolism and metabolic function. Adolescence is a time of rapid physical growth, and disruptions during this critical time likely have important implications for adult function. The hypothalamicpituitary-adrenal axis continues to mature during this period, as do tissues that respond to glucocorticoids. In this work, we investigate how chronic noninvasive exposure to corticosterone affects metabolic outcomes (body weight, body composition, insulin, and glucose homeostasis), as well as changes in bone density in both adult and adolescent male mice. Specifically, we report a different pattern of metabolic effects in adolescent mice compared with adults, as well as an altered trajectory of recovery in adolescents and adults. Together, these data indicate the profound influence that adolescent development has on the metabolic outcomes of chronic corticosterone exposure, and describe a tractable model for understanding the short-and long-term impacts of hypercortisolemic states on physiological and neurobehavioral functions. (Endocrinology 158: 2239(Endocrinology 158: -2254(Endocrinology 158: , 2017 
A dolescence in mammals represents a period of broad changes in somatic growth, physiology, and behavior (1) (2) (3) . Both epidemiological and empirical data demonstrate that insults or perturbations during adolescence strongly predict long-term health trajectories into and throughout adult life (4, 5) . The specific mechanisms of these effects are still not completely understood, but neuroendocrine signaling seems to be particularly important for mediating these developmental processes, because reproductive maturation, brain development, and body growth are all mediated by neuroendocrine signals. As such, disruptions of neuroendocrine systems during adolescence often have large impacts on health. The hypothalamic-pituitary-adrenal (HPA) axis is a neuroendocrine system required for coordination of the stress response in vertebrates (6, 7) , and regulates many metabolic processes (8) (9) (10) . The juvenile HPA axis shows substantial maturational changes compared with the adult HPA, suggesting that adolescence is a time when the HPA axis begins to take the adult form (11) . Our work explores how altering HPA function during this critical period may affect adult function. Specifically, we focus on the metabolic consequences of disrupted HPA activity.
Cushing syndrome, a health disorder characterized by disrupted HPA function, highlights how neuroendocrine dysfunction can lead to many negative health outcomes, including obesity and a broad breakdown of metabolic homeostasis (12) (13) (14) . Cushing syndrome has different impacts on health based on age of onset. Early onset Cushing syndrome is marked by distinct differences from late onset Cushing syndrome, including growth retardation, delayed bone age, and abnormal reproductive development (12) . Furthermore, these health issues have been shown to persist and lead to long-term consequences into adulthood, even when treated successfully (15) (16) (17) .
We have characterized an animal model of Cushing syndrome in rodents that involves chronic oral treatment with corticosterone (CORT), the primary endocrine effector of the HPA axis. This treatment leads to many of the physiological and metabolic outcomes observed in clinical Cushing syndrome, and allows us to probe the mechanisms by which neuroendocrine disruption alters physiological and metabolic homeostasis (18) (19) (20) . Here, we attempt to model early-onset Cushing syndrome in mice and characterize the distinct physiological and metabolic impacts that this disorder has, both during treatment and following "recovery" from treatment. This allows us to monitor the age-specific impacts of neuroendocrine dysfunction and also report on any lasting changes that may occur.
In the current study, adult C57BL6/N mice treated chronically with CORT displayed increased weight gain and adiposity, as well as impaired glucose tolerance, consistent with our previous findings and with clinical symptoms of adult-onset Cushing syndrome (18) (19) (20) . In contrast, adolescent mice treated with CORT displayed blunted growth rates, increased adiposity, enhanced glucose clearance, and decreased bone density. These findings are consistent with clinical early-onset Cushing, and thus may provide a useful model for studying the nuances of this disorder as it pertains to children and adolescents. Although there are caveats to our model, a benefit of our model is the ability to tightly control age of treatment onset, and its noninvasive nature also permits investigation of the trajectory of recovery following treatment removal. Thus, we are able to track changes that occur following removal of CORT, and demonstrate substantial differences between the effects of a Cushingoid phenotype in adolescence, and the effects of the phenotype in adulthood.
Materials and Methods

Animals and CORT treatment
Adult male mice (C57/B6N, 62 days old) and adolescent male mice (22 days old) were ordered from Charles River Laboratories (Wilmington, MA). Animals were group-housed (n = 88 total, four per cage) upon arrival in standard cages on a 12-hour light-dark cycle (lights off at 1800 hours). Animals were acclimated to the facility for 7 days following arrival, during which standard rodent chow and drinking water were available ad libitum. After the acclimation phase, chow remained available, but drinking water was replaced with a solution containing 25 mg/mL (low) or 100 mg/mL (high) free-CORT (Sigma Inc, St. Louis, MO) dissolved in 100% ethanol (EtOH), and then diluted in regular drinking water to a final EtOH concentration of 1% [vehicle (VEH)]. We have conducted pilot studies to show that 1% EtOH had no significant effects on these end points in either adults or adolescents (unpublished observation). Mice were weighed weekly during cage change at which time solutions were replaced with freshly made solution. Body composition analysis was performed immediately prior to cage change each week. All procedures with animals were approved by the Institutional Animal Care and Use Committees of Washington State University and Columbia University.
Two cohorts of mice were used. The first cohort (n = 40; 20 adolescents, 20 adults) for week 4 plasma measures was placed on VEH (n = 8/age), low CORT (n = 6/age), or high CORT (n = 6/age) for 4 weeks, and then euthanized via rapid decapitation between (0800 hours and 1200 hours, the nadir of the endogenous CORT rhythm) at which time trunk blood was collected. Water bottles were turned around 2 hours before each terminal collection. The second (longitudinal) cohort of mice (n = 48; 24 adolescents, 24 adults) were treated for 4 weeks (VEH n = 8/age; low CORT n = 8/age; high CORT n = 8/age). These mice had weekly body composition measurements, and underwent glucose tolerance testing at the end of week 4. Mice were then switched to VEH for an additional 4 weeks to assess recovery from CORT treatment, similarly undergoing weekly body composition analysis. Following the recovery period, mice underwent glucose tolerance testing and after 2 days of further recovery were euthanized, with blood collected as described previously.
In the first cohort, one adult low CORT, and one adolescent high CORT mouse were excluded due to health problems during treatment. In the second (longitudinal) cohort of mice, one adolescent VEH treated mouse died unexpectedly, and one cage of adolescent high CORT mice (n = 4) were excluded from the entire experiment as during recovery there was substantial fighting and several mice were injured.
Nuclear magnetic resonance body composition analysis
Measurements of lean, fat, and fluid mass were acquired weekly in the longitudinal cohort (adult, n = 8/treatment; adolescent n = VEH 7, low CORT 8, high CORT 4) using the Minispec LF90 system (Bruker Optics, Billerica, MA). This system allows for noninvasive nuclear magnetic resonance (NMR) analysis (90-second duration) of whole-body composition in live, unanesthetized animals. The "other" components of body composition besides body fat, lean mass, and fluid were not reported.
Radioimmunoassay and enzyme-linked immunosorbent assay
After collection (see previous description), blood was centrifuged (1500 rcf for 15 minutes at 4°C) to separate plasma from the whole blood, and stored at 220°C until analysis. Plasma CORT concentrations were measured using a radioimmunoassay and performed as indicated by the supplier (MP Biomedicals; Solon, OH). All samples were run in duplicate and values were averaged. The intra-assay coefficient of variation and lower limit of detectability were 6.2% and 22.6 ng/mL (week 4) and 6.2% and 25.13 ng/mL (week 8). Plasma insulin was measured via enzyme-linked immunosorbent assay (EMD Millipore, Inc, Billerica, MA) using manufacturer specifications and protocols. Samples were run in duplicate. The intra-assay coefficient of variation and lower limit of detectability were 7.6% and 0.2 ng/mL (week 4) and 5.7% and 0.49 ng/mL (week 8). For the insulin, samples from the 100 mg/mL CORT condition in both the adolescent-and adult-exposed groups were diluted 1:10 in assay buffer to insure the samples were within the detectable range of the standard curve. Thus, values obtained from the assay were multiplied by 10. Due to space constraints in the assay, one adult VEH from the week 4 cohort was not run. Similarly, two adult VEH and low CORT, and two adolescent VEH and low CORT from the longitudinal cohort were also not run.
Glucose tolerance test
For glucose tolerance testing, in the longitudinal cohort, mice were tested at both week 4 and week 8 (i.e., 4 weeks recovery) of the experiment (in both cases adult n = 8/treatment; adolescent n = 7 VEH, 8 low CORT, 4 high CORT). At lights-on (0600 hours) on testing days, food was removed from the cages. Six hours later (1200 hours), mice were weighed, and a tail blood sample was obtained and analyzed using a commercially available glucose monitoring kit (One-Touch; Lifescan Inc, Wayne, PA). Filtered, sterilized D-glucose was then injected intraperitoneally (IP; 200 ng/mL), at a dose of 2 g/kg in normal saline (kept at 37°C prior to injection). Blood was collected at baseline, 15, 30, 60, and 120 minutes after injection and placed onto a glucometer strip for measurement of blood glucose. Following testing, mice were returned to their home cage and food hoppers were refilled.
Spectrum In-Vivo Imaging System computed tomography scan analysis
In the same longitudinal cohort as described previously, at the end of the 4-week treatment period and again following 4 weeks of recovery from treatment, computed tomography (CT) scans of each mouse were obtained using the Spectrum In-Vivo Imaging System (IVIS; PerkinElmer, Inc, Waltham, MA). Mice were anesthetized with isoflurane (2%) during imaging (;2-minute duration). CT scan images were reconstructed into threedimensional images using Living Image software (PerkinElmer, Inc). X-ray absorption is closely associated with bone density (21) (22) (23) . As such, relative bone density in the diaphysis (shaft) of the femur was determined via measurement of total X-ray absorption counts in three-dimensional region-of-interest frames measuring approximately 55,000 voxels (5.5 mm 3 ) in size.
Statistics
One-way analyses of variance were used to analyze plasma CORT and insulin concentrations, as well as relative bone density. Mixed two-way analyses of variance (repeated measures by time) were used to analyze body weight, body composition, and glucose tolerance data. Post hoc analyses were undertaken using Tukey-or Dunnett-corrected t tests where appropriate. Results were considered significant at the P , 0.05. All statistical analyses were undertaken using GraphPad Prism (version 7).
Results
Body weight and composition
Our previous data demonstrate a clear effect of CORT on body weight gain. To determine if developmental stage alters this effect, adolescent and adult mice were exposed to low (25 mg/mL) or high (100 mg/mL) CORT, or VEH (1% EtOH), and various aspects of physiology were measured. These measurements were made during treatment and throughout a 4-week "recovery" period in which CORT solutions were replaced with VEH.
Consistent with previous reports, we found high CORT causes significant weight gain in adult mice, with no significant effect of low CORT compared with VEH. Post hoc analysis revealed that high CORT mice gained significantly more weight than both VEH and low CORT mice from weeks 2 to 4, whereas no difference was observed between low CORT and VEH mice [ Fig. 1(a) ]. During the recovery period, high CORT mice gradually lost weight and by the end, all groups had gained the equivalent amount of body weight [ Fig. 1(b) ].
In contrast to the effect in adult mice, we found that both doses of CORT slowed normal body weight gain in adolescent mice. Post hoc analysis revealed that adolescent mice treated with high CORT gained less weight than VEH-treated mice at week 1 to week 3, low CORT mice gained less weight than VEH mice at week 1 to week 4, and low CORT mice gained less than high CORT mice at week 4 [ Fig. 1(c) ]. Similar to adult mice, we found that body weight normalized after the recovery period. Body weight gain for all treatment groups became normalized by week 5, and remained so for the duration of the experiment [ Fig. 1(d) ]. Thus, CORT exposure has divergent effects on body weight depending on developmental stage; however, weight gain normalizes after a recovery period in both adult and adolescent mice.
Body fat
Given the change in weight and the known effects of our model on white adipose accumulation, we used NMR body composition analysis to investigate if developmental stage affected accumulation of body fat, lean mass, and body fluid following CORT exposure. Consistent with previous results, CORT exposure increased body fat in adult mice during treatment. Post hoc analysis revealed that mice treated with the high dose of CORT displayed greater body fat than both VEH and low CORT mice at week 1 to week 4, whereas those treated with the low dose of CORT displayed greater body fat than VEH mice at week 3 to week 4 [ Fig. 2(a) ]. Similar to body weight, body fat normalized during the recovery period in adult mice. Specifically, body fat in high CORT mice normalized to levels of VEH mice by week 8, whereas body fat in low CORT mice normalized to VEH mice levels by week 5 [ Fig.  2(b) ]. Body fat in high CORT mice remained greater than low CORT even at week 8.
Similar to adult mice, CORT exposure increased body fat in adolescent mice during treatment. Post hoc analysis revealed that mice treated with high CORT displayed greater body fat than both VEH and low CORT mice at week 1 to week 4, and low CORT mice displayed greater body fat than VEH mice at week 2 to week 4 [ Fig. 2(c) ]. In contrast to adult mice, body fat did not normalize after the recovery period in adolescent mice. Specifically, mice treated with high CORT had greater body fat than VEH mice at week 4 to week 8 and low CORT mice at week 4 to week 6, whereas body fat of low CORT mice normalized to that of VEH mice by week 5 [ Fig. 2(d) ]. Thus, CORT exposure increases body fat accumulation independent of developmental stage, and this increase is maintained for a period of time after exposure ends in adolescent mice only. This suggests that adolescent mice are more susceptible to lasting changes in body composition caused by elevated CORT compared with adults. It is important to note that, even though CORT reduced overall body weight gain in adolescents, it led to increased adiposity.
Lean mass
Although CORT exposure increased adiposity, it concomitantly decreased lean mass in adult mice. Post hoc analysis revealed that mice treated with high CORT had reduced lean mass compared with both VEH and low CORT mice at week 1 to week 4, and low CORT mice had lower lean mass than VEH mice at week 4 [ Fig. 3(a) ]. Similar to body weight and body fat, lean mass in adult mice normalized during the recovery period. Specifically, lean mass in high CORT mice normalized to levels of VEH mice at week 8, and lean mass in low CORT mice normalized to VEH levels by week 5 [ Fig. 3(b) ]. Lean mass in adult, high CORT mice remained lower than low CORT mice even at week 8.
As with adult mice, we observed decreased lean mass in adolescent mice after CORT exposure. Post hoc analysis revealed that high CORT mice displayed lower lean mass than both VEH and low CORT mice from week 1 to week 4, and low CORT mice displayed less lean mass than VEH mice from week 2 to week 4 [ Fig. 3(c) ]. In contrast to adult mice, lean mass did not normalize following the recovery period in adolescents. Specifically, adolescent mice treated with the high dose of CORT displayed reduced lean mass compared with VEH mice at week 4 to week 8 and low CORT mice at weeks 4 to 6, whereas lean mass in low CORT mice normalized to that of VEH mice by week 5 [ Fig. 3(d) ].
Thus, CORT exposure decreases lean mass in both adult and adolescent mice, and this decrease is sustained after a recovery period only in adolescent mice.
Body fluid
In addition to changes in body fat and lean mass, we found that high CORT increased body fluid accumulation in adult mice, with no effect of low CORT compared with VEH. Post hoc analysis revealed that mice treated with high CORT displayed greater body fluid compared with VEH mice at week 2 to week 4 and to low CORT mice at week 1 to week 4, whereas no difference was observed between low CORT and VEH mice [ Fig. 4(a) ]. Similar to previous measures, body fluid measures normalized after recovery in adult mice by week 8 [ Fig. 4(b) ]. Body fluid remained higher in high CORT mice compared with low CORT mice even at week 8.
In adolescent mice, exposure to CORT also increased body fluid. Specifically, high CORT mice displayed greater body fluid measures compared with both VEH and low CORT mice at week 2 to week 4, whereas low CORT mice displayed decreased body fluid compared with VEH mice at week 1 only [ Fig. 4(c) ]. In contrast to adult mice, body fluid levels did not normalize after the recovery period in adolescent mice. Body fluid remained , and a significant interaction (F 8, 64 = 26.12, P , 0.0001). Post hoc Tukey tests were undertaken to probe interactions, with * indicating statistical significance between high CORT and VEH groups, # indicating statistical significance between low CORT and VEH groups, and § indicating statistical significance between low CORT and high CORT, but not VEH (n = 4 to 8/age/treatment). Values are considered statistically significant at the P , 0.05 level. elevated in high CORT mice compared with VEH mice even at week 8, and compared with low CORT until week 7 [ Fig. 4(d) ]. Body fluid in low CORT mice increased compared with VEH mice at week 8.
Together, our body composition analysis reveals consistent effects of CORT exposure in both adult and adolescent mice in measures of body fat, lean mass, and body fluid levels. These effects normalize after recovery in adult mice, but are sustained in adolescent mice. This indicates that adolescents are more susceptible to the prolonged effects of high levels of CORT exposure compared with adults.
Hormone and plasma measures
Corticosterone
Given previous findings that CORT treatment alters circulating CORT and insulin levels, we next asked how developmental stage of treatment affects these measures. Mice were sampled at the time of the endogenous CORT nadir (approximately midway through the light phase; ZT6). At this time point, we found that the high CORT increased plasma CORT concentrations in both adult and adolescent mice, with no effect of low CORT (Table 1) . In adult mice, high CORT mice had higher plasma CORT than VEH mice, whereas no difference was observed between low CORT mice and high CORT mice, or low CORT mice and VEH mice. In adolescent mice, high CORT mice had higher plasma CORT than both VEH and low CORT mice, whereas no difference was observed between low CORT and VEH mice. After the recovery period, we observe a decrease in levels of plasma CORT in adult low and high CORT mice to those even lower that VEH mice, whereas plasma CORT levels normalize in adolescent mice (Table 1) .
Thus, CORT exposure results in increased plasma CORT levels regardless of developmental stage. Importantly, this effect does not persist following recovery in adult and adolescent mice, as levels decrease to concentrations within normal basal nadir values. However, in adult mice, basal plasma CORT levels are lower than VEH mice after recovery, suggesting that adrenal function may not have fully recovered, whereas mice treated during adolescence show no difference between treatments after recovery.
Insulin
We found that high CORT exposure increased plasma insulin in both adult and adolescent mice, with no effect of low CORT (Table 2 ). In both age groups, high CORT mice had higher plasma insulin than both VEH and low CORT mice, whereas no difference was observed between low CORT and VEH mice. It is interesting to note that insulin levels in high CORT treated adolescent mice were more than double those observed in high CORT treated adults. After 4-week recovery, in both age groups, high CORT mice still had greater plasma insulin than both low CORT and VEH mice after the recovery period (Table 2) . Thus, high CORT exposure results in sustained changes in plasma insulin levels in both adolescent and adult mice, though the absolute levels of plasma insulin were twice as high in adolescent mice as in adult mice after treatment.
Glucose tolerance Given our previous findings that CORT treatment impairs glucose regulation, and the observed effects on insulin, we next assessed how glucose tolerance could be differentially affected by CORT treatment during adolescence. In accordance with previous findings, adult mice treated with high CORT have impaired glucose clearance after 4 weeks following glucose challenge. We also show that low CORT mice display enhanced glucose clearance. Post hoc analysis revealed that high CORT mice had greater plasma glucose levels compared with VEH mice at the 30-to 120-minute time points, and to low CORT mice at the 15-to 120-minute time points. In contrast, low CORT mice had lower plasma glucose levels compared with VEH mice at the 15-to 60-minute time points [ Fig. 5(a) ]. After the recovery period, adult high CORT mice no longer show impaired glucose clearance, and in contrast display enhanced glucose clearance. No difference was observed between low CORT and VEH mice after the recovery period. At the 15-to 60-minute time points, high CORT mice had lower plasma glucose levels than both VEH and low CORT mice [ Fig. 5(b) ].
In adolescent mice, both high and low CORT mice display enhanced glucose clearance following glucose challenge. Specifically, high CORT mice had lower plasma glucose levels compared with VEH mice at the 15-to 30-minute time points, and higher plasma glucose levels compared with low CORT mice at the 15-to 60-minute time points. However, low CORT mice had lower plasma glucose compared with VEH mice at the 15-to 120-minute time points [ Fig. 5(c) ]. Following the recovery period, high CORT adolescent mice still displayed enhanced glucose clearance compared with VEH mice, whereas no difference between low CORT and VEH mice was observed. High CORT mice had lower plasma glucose than VEH mice at the 15-to 60-minute time points, and lower levels than low CORT mice at the 15-to 30-minute time points [ Fig. 5(d) ].
Therefore, we show an age-dependent effect of CORT exposure on glucose metabolism, by which adult mice display impaired glucose clearance, and adolescent mice display enhanced glucose clearance. In addition, we observe that normal glucose regulation is not restored following the recovery period, indicating lasting effects of CORT treatment on glucose metabolism.
IVIS CT bone density analysis
To explore the discrepant results between body weight loss and adipose gain in adolescent mice, we performed CT scans to determine if changes in bone density could underlie these effects. In these experiments, X-ray absorption counts in the diaphysis of the right femur were used to determine relative differences in bone density between treatment groups (Fig. 6) .
We observed no difference in femur density in adult CORT mice after treatment [Figs. 7(a) and 7(b)], or following recovery [ Figs. 8(a) and 8(b) ]. In contrast, we found a decrease in femur density in adolescent high CORT mice, showing reduced femur density compared with mice in both the VEH and low CORT groups. No difference was observed in femur density between VEH and low CORT mice [Figs. 7(c) and 7(d)]. Following the recovery period, bone density normalized in adolescent CORT mice, with no difference observed between treatment groups [ Fig. 8(c) ]. This normalization was accompanied by a very large percent change in femur density within treatment groups from week 4 to week 8, with high CORT mice displaying drastically increased percent change in femur density compared with VEH and low CORT mice, b Statistical significance between low CORT and VEH groups (n = 4 to 8/age/treatment).
and a small but significant reduction in percent change in femur density in low CORT mice compared with VEH mice [ Fig. 8(d) ]. Along with this substantial increase in bone density (nearly 25% to 30%) over just 4 weeks, we also found various bone abnormalities at week 8 in adolescent exposed high CORT mice, including bone masses in the tail and fused bones in the extremities (not shown). This suggests that the rapid increase in bone mass observed in adolescent CORT mice during recovery from treatment may lead to deleterious effects. Together, these findings suggest that adolescence represents a sensitive period to the effects of CORT exposure on bone development.
Discussion
The current study explored two aspects of the physiological effects of chronic high exposure to glucocorticoids. First, we demonstrate that several aspects of metabolic dysregulation observed during CORT exposure can be reversed following cessation of treatment, whereas others have a lasting effect. Second, we have shown that developmental stage affects somatic and endocrine features of this mouse model of hypercortisolemia, as well as the trajectory of recovery following end of treatment. Using noninvasive treatment with CORT in the drinking water, we model key features of Cushing syndrome observed in humans, including increased weight and adiposity, decreased glucose tolerance, and dysregulated insulin levels (12) (13) (14) . The present results explore the effects of this model during adolescence-a common stage of early onset Cushing syndrome (12, 24) . In addition to replicating Cushinglike physiology in adult mice, we show that applying our model during adolescence leads to marked changes in body weight, body composition, and bone density, while also causing changes in glucose metabolism and circulating plasma levels of insulin and CORT. We also show Post hoc Dunnett tests were undertaken to probe interactions, with * indicating statistical significance between high CORT and VEH groups and # indicating statistical significance between low CORT and VEH groups (n = 4 to 8/age/treatment). Values are considered statistically significant at the P , 0.05 level.
that after a recovery period where CORT-treatment was removed, body weight and bone density are normalized, but body composition, glucose metabolism, and plasma insulin remained abnormal. These results closely mimic the phenotype observed in early onset Cushing syndrome, and provide a potentially powerful animal model to explore factors that lead to pathophysiological outcomes, both in the short term during disease onset and progression, and the long term during disease treatment and remission.
Glucocorticoids, obesity, and metabolic dysregulation In our model, CORT in the drinking water leads to a sustained increase in plasma levels of CORT in high CORT mice, but not in low CORT mice, during the CORT nadir (middle of the light phase) regardless of age (Table 1) . This replicates our previous work in adults (19, 20) , which we posit is due to the pattern of drinking in nocturnal rodents, which will consume much of their water earlier in the active (dark) phase. Our published data (19) further demonstrate that it is only after the first 2 weeks of treatment that high CORT mice begin to drink significantly more, an effect that we have observed in other studies in our laboratories in both adults and adolescents (unpublished observation), which may lead to a more constant dosing in high CORT mice driven by polydipsia (more discussion of this below). Additionally, high CORT treated adolescents show elevated (though not statistically significant) plasma CORT compared with similarly treated adults ( Table 1) . It is unclear if this difference is physiologically relevant, but undoubtedly a caveat is that our model may result in different levels of plasma CORT depending on age. Basal levels of plasma CORT are somewhat suppressed in high CORT mice following recovery, perhaps suggesting that the adrenal has not yet fully recovered from the effects of chronic treatment. Our previous work supports this conclusion, with gross assessment of adrenals after 2 weeks recovery still showing some decrease in weight, as well as increased vacuolization (albeit less than that observed during treatment) (19) . That mice treated with CORT during adolescence do not show a difference in plasma CORT (at least at this time point) would suggest that the adolescent adrenal gland may have greater recuperative capacity than the adult. Detailed morphological analyses, coupled with ACTH stimulation experiments could potentially test this hypothesis.
Glucocorticoids are clearly linked to metabolic function, and dysfunction, with chronic exposure to stress and the resulting increase in glucocorticoids likely contributing to the rise of obesity in the modern world (25) (26) (27) (28) (29) . In addition, exogenous treatment with glucocorticoids, as observed in individuals prior to certain surgeries, or for treatment of inflammatory disorders, can lead to signs of the metabolic syndrome (30) . Organically dysregulated glucocorticoid signaling, as observed in Cushing disease, leads to substantial increases in adiposity, and eventually negative effects on lean tissues (31) . Previous work in mice by our laboratory and others has demonstrated that chronic noninvasive treatment with high levels of CORT leads to metabolic dysregulation that is similar to Figure 8 . Bone density normalizes following recovery from CORT exposure in adolescent mice. (a) In adult mice, we observed no effect of CORT exposure on X-ray absorption in the right femur after the recovery period (P . 0.05), and (b) no difference in right femur X-ray absorption when comparing within treatment groups from week 4 to week 8 (before and after recovery) (P . 0.05). (c) In adolescent mice, X-ray absorption in the right femur normalized to that of VEH mice after the recovery period (P . 0.05). (d) When comparing within treatment groups from week 4 to week 8, we observed a robust increase in femur X-ray absorption in high CORT mice, and a decrease in low CORT mice, with a main effect of CORT dose (F 2, 16 = 32.31, P , 0.0001). Post hoc Tukey tests were undertaken to probe interactions, with * indicating statistical significance between high CORT and VEH groups and # indicating statistical significance between low CORT and VEH groups (n = 4 to 8/age/treatment). Values are considered statistically significant at the P , 0.05 level.
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Cushing syndrome (18) (19) (20) . Our present work has focused on the trajectory of recovery following cessation of treatment, and whether age of onset of treatment can alter this trajectory.
In the present results, we replicated our previous findings, with adult mice showing significantly increased weight gain (18) (19) (20) . We have extended these original findings by tracking the specific changes in body composition throughout treatment, clearly demonstrating that the increased weight gain is due to a gradual increase in adiposity at the cost of decreased lean mass. We have previously demonstrated that chronic high CORT leads to hepatopathy that is likely a result of increased glycogen accumulation caused by dyslipidemia and hyperglycemia (19) , which has also been demonstrated in both humans and nonhuman animals (32) (33) (34) (35) . Disruption of normal hepatic function and subsequent dyslipidemia occurs concomitantly with an effect of CORT directly on adipocytes, driving accumulation of lipids in this organ (36) . The decrease in lean mass should be considered in the context of the hyperinsulinemia and decreased glucose tolerance observed in high CORT mice (discussed below). With a loss of insulin sensitivity and chronically elevated circulating glucocorticoids, a shift for catabolic actions of CORT on muscle tissue is likely occurring.
Following recovery in adults, body weight between groups is indistinguishable (Fig. 1) , and body composition reveals neither high nor low CORT mice show any statistical difference compared with VEH mice in adiposity, lean mass, or fluids (Figs. 2-4) . Adolescent mice show different changes in growth and body composition in response to CORT treatment. Specifically, we observe reduced body weight gain and lean mass following CORT treatment, whereas adiposity and body fluid accumulation increase (Figs. 1-4) . Following recovery, body weight in adolescent-exposed mice normalizes, but high CORT mice continue to show a persistent elevation in adiposity compared with controls, suggesting a potential for long-lasting changes in body composition. It is intriguing to consider if this change in adiposity is maintained for even longer periods of time, or if the exposure of adolescent mice to high CORT during development render them more vulnerable to weight gain later in life. This pattern of results is interesting for several reasons. First, previous studies in rats exposed to chronic stress demonstrate that ponderal growth is protected at the cost of reproductive maturation (37) , suggesting normal body weight gain is being tightly regulated at this stage of development in which there are rapid changes in somatic development. However, the loss of lean mass and increased adiposity might indicate that although overall weight is protected, body composition is less tightly regulated. The long-term consequences of these changes are not clear, though our data suggest they persist for at least 1 month following cessation of CORT treatment.
In addition to changes in adiposity and lean mass, CORT treatment caused a substantial increase in fluid retention in both age groups. This effect is likely driven by the well-known effects of glucocorticoids on electrolyte balance. Our previous work demonstrated substantial changes in electrolytes following high CORT, particularly hyponatremia and hypokalemia (19) , which would contribute to polyuria and polydipsia. Additionally, the effects of CORT on the mineralocorticoid receptor can be similar to the effects of aldosterone (38) , which would also contribute to increased fluid retention by the kidneys. Our previous work showed that high CORT mice increase water consumption after week 2 of treatment, an effect which is sustained through the end of week 4, compared with VEH and low CORT groups (19) , and unpublished data from our work further indicate that this increase in water consumption occurs independent of age. This increased water consumption and fluid retention could also explain our observation of consistently elevated circulating CORT concentrations in high, but not low, CORT mice during treatment. Our data on recovery illustrate this effect persists at least for 4 weeks, which may be due to continued electrolyte imbalance, or potentially a consequence of development of other conditions during CORT treatment, such as diabetes insipidus, in which changes in sensitivity to antidiuretic hormone may have occurred. This outcome is plausible given the observed polyuria and polydipsia in high CORT mice (19) , as hypercortisolemia can lead to suppression of antidiuretic hormone (39, 40) .
We show a clear effect of chronic treatment of CORT on growth and metabolism, as evidenced by abnormal changes in body weight and body composition, with divergent effects dependent on age. In adult mice, we observe increased body weight, adiposity, and fluid accumulation, and a concomitant decrease in lean mass. After a recovery period where CORT was no longer administered, body weight normalized, whereas body composition remained somewhat dysregulated. This is in line with clinical Cushing syndrome, as well as previous findings using this model in mice.
Glucocorticoids, insulin, and glucose homeostasis
Under normal conditions, glucocorticoids and insulin can be considered to operate in opposition to each other. Although glucocorticoids are largely responsible for increasing plasma glucose levels, insulin is primarily responsible for reducing blood glucose. Another way to consider this relationship is that glucocorticoids promote energy utilization, whereas insulin promotes energy storage (41, 42) . As such, disrupting the balance between glucocorticoids and insulin can lead to substantial metabolic dysregulation. However, it has been demonstrated that there is a cooperative effect of glucocorticoids in some body compartments, particularly in adipocytes, where they promote development of mature adipocytes (43, 44) . This pattern of results is similar to what we observe in our model: hypercortisolemia coupled with hyperinsulinemia and dysregulated glucose tolerance. Moreover, this occurs with increased adiposity, all of which are analogous to the symptoms of Cushing syndrome.
A primary physiological role for glucocorticoids is to increase plasma glucose, driven by increased catabolism of glycogen stores, and increased gluconeogenesis (42, 45) . Thus, multiple mechanisms in high CORT treated mice can contribute to the increased plasma insulin concentrations observed in both age groups. Following a recovery period, although CORT concentrations returned to the normal range, insulin remained elevated in both adult and adolescent mice. It is unclear if this change is a result of a permanent shift in islet cell activity, or a shift in insulin receptor sensitivity (which would thus require higher levels of insulin). However, these changes in plasma insulin, although parallel at both ages, seems to result in a very different pattern of glucose handling.
As in our previous work, we demonstrate altered glucose handling following CORT treatment. In adult mice, we observe that treatment with high CORT results in impaired glucose tolerance, by which plasma glucose concentrations remained elevated for longer after a glucose challenge compared with VEH mice. Curiously, adult mice treated with low CORT show enhanced glucose clearance, which may be due to an increase in insulin release without a decrease in insulin receptor sensitivity, though this remains to be tested. Following the recovery period, high CORT mice display enhanced glucose clearance, whereas low CORT mice are not different from VEH mice.
In adolescent mice, treatment with both high and low CORT results in enhanced glucose clearance following a glucose challenge. This enhanced glucose clearance is maintained through the recovery period in high CORT mice, but glucose tolerance normalized in low CORT mice. These results are noteworthy because plasma insulin levels in high CORT treated adolescents are twice those observed in high CORT treated adults, but in adults a marked decrease in glucose tolerance suggests impaired insulin sensitivity. If these responses are in fact due to changes in insulin sensitivity, it would imply that adolescent mice are more resilient to defects in glucose handling because glucose tolerance is maintained during CORT treatment, even with substantially higher levels of plasma insulin. Future studies clamping insulin levels could address this outcome more directly, as well as changes in insulin receptor signaling pathways in both liver and skeletal muscle. If it is demonstrated that this maintenance of glucose tolerance is indeed mediated by sustained insulin sensitivity even in the face of hyperinsulinemia (which in adults causes profound defects in glucose handling), it would provide a potential model to uncover mechanisms by which insulin sensitivity can be maintained (e.g., type 2 diabetes).
Bone
Glucocorticoids can significantly modulate bone structure, with exogenous glucocorticoid therapy being one of the most commons causes of secondary iatrogenic osteoporosis, with a major component being decreased bone formation (46) (47) (48) . Similarly, Cushing syndrome is associated with osteoporosis (48) (49) (50) . Specifically, CORT can increase osteoblast apoptosis (51, 52) , whereas several findings suggest that CORT can lead to increased activity of osteoclasts (51, 53, 54) , thus CORT can alter the balance of bone formation by reducing the production of new bone and increasing the breakdown of existing bone tissue. Given that adolescence is an important time for bone growth, we hypothesized that there may be differences in the effects of chronic CORT on bone density at these two ages.
In adults, we did not find any major effect of chronic CORT on femur bone density. This would be in line with findings that suggest glucocorticoids affect bone growth more than bone loss (55) . However, in adolescent mice, high CORT causes a striking reduction in bone density of nearly 15% (Fig. 7) . After cessation of CORT, and a 4-week recovery period, bone density normalized. However, this normalization was caused by a rapid increase in bone density in high CORT mice, at a rate nearly double that observed in VEH mice (Fig. 8) . Moreover, this rapid building of bone was accompanied by several abnormalities, including fused joints and aberrant bone formations in the tail (data not shown). The mechanisms by which this occurs is unclear, but our previous work demonstrated that high CORT in adults leads to a significant (8%) increase in plasma calcium (19) , which may be a result both of altered kidney function and increases in osteoclast activity. Thus, if CORT inhibits osteoblast function, the removal of CORT treatment may unmask a compensatory increase in osteoblast function. Similarly, if high CORT has been driving increased osteoclast activity, withdrawal of CORT could then lead to reduced overall osteoclast function. When coupled with increased availability of calcium in the blood, these changes could lead to aberrant bone formation.
Cushing syndrome: age of onset and long-term consequences Cushing syndrome can have both iatrogenic and organic etiologies. Our model, although closer to iatrogenic Cushing, also mimics the hallmark symptoms of organic Cushing. Iatrogenic Cushing can be caused by any number of treatments with corticosteroids, including topical ointments (56, 57) , ophthalmic dexamethasone (58, 59) , and combination of glucocorticoid therapies with some retroviral medications (60) (61) (62) . In children, and adolescents, the increased use of topical steroids and inhaled corticosteroids for the treatment of asthma and related disorders (63) (64) (65) (66) , may also increase the risk of developing iatrogenic Cushing. Thus, it is important to understand if the mechanisms that drive the metabolic and hormonal dysfunction associated with Cushing in adults are similar to those in adolescents, and if the trajectory of recovery following cessation of treatment may be different between these two developmental stages.
Pediatric Cushing is accompanied by growth failure (12, 15, 67, 68) and abnormal pubertal development (69) . In many cases, growth is reduced for several years, and is likely due to reduced growth hormone secretion even after surgical treatment or radiotherapy (70) (71) (72) , while body mass index remains elevated (73) . Our results mirror many of these effects, with adolescent treated mice showing reduced growth and lean mass, with increased adiposity. Following recovery, our findings show that body weight and bone density normalize in adolescent treated mice, whereas body composition and glucose handling remain dysregulated. Rapid changes in bone density also seem to be accompanied with bone growth abnormalities, which could result in problems in adulthood. These findings align with clinical literature on child/adolescent-onset Cushing syndrome, in which patients often present with decreased height, delayed bone age, and increased body mass index (12) . As indicated by Storr et al. (74) , there are few comparisons between adult and pediatric Cushing, and our model should provide a useful tool for preclinical research to explore mechanisms of disease course, and recovery, in multiple tissues.
Conclusions
These findings are from a mouse model of early onset Cushing-like syndrome, which recapitulate many of the somatic and endocrine outcomes of the human disorder. We also contrast these effects to the adult onset Cushing, and demonstrate significant differences in the response of adolescent and adult mice. Finally, we show that there are lasting effects even after removal of the treatment, particularly in body composition and bone structure. The establishment of this mouse model could prove a useful approach to understand both the long-term changes caused by early onset Cushing, while also enabling the study of the underlying molecular mechanisms, given the powerful genetic tools that can be leveraged in mouse models. Overall, our findings lend further support to developmental approaches when investigating metabolic and homeostatic dysregulation, because instances where juvenile animals respond differently than adults could provide important insights into mechanisms of disease etiology, progression, and potential targets for intervention.
